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Abstract

In this report we sumarize and update the results of a stuglpject on the erivonmental
aspects of photowltaic solar cell technolgg Four ngjor types of solar cell mdules, based on
respectively multicrystalline silicon, armarphous silicon, cadam telluride and copper indium
selenide are régwed with special attention to future expected techryadiegelopments.

For eachmodule type anassessert is made of the ptertial ernvironmertal impacts incase of
large scale imlementation of the technolggln principle the entire odule life cycle is talen
into consideration: fromresource 1iming, via nodule production and odule utilization until
module decomissioningand waste handling

In the report for each odule type the followng aspectarediscussedenery requirenentsand
enery paybacktime, neterial requirerants and resource depletion, ewmental enssions,
waste handling possibilities for reogling of modules, occupational health and safetyd
external safety
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1 Introduction

It is widely recogized that photositaic solar enengconwersion has the potential to becom
major enery source in the next centunplthouch photowltaic solar eneng (PV) is clearlya
renewable energ source, the question whether it is also a "sustainable teclyhalegds rare
careful consideration. Tie potential envonnmental risls and the eneygrequirenents of (the
conponentsof) a PV systemshould be ingsticated oer its entire lifeeycle in order to answer
this question.

If such analyses are e before largscale inplementation of the technolgghas started,
potential bottlenecls can be identified so tha®&® priorities can be set accordiggo reduce
or eliminate the bottleneck beforehand. #a result of such an emenmental assessant it
might be decided for instance to start éstications on alternates wth regard to cell
materials, production technol@s or nodule encapsulation techniques.

Against this baajround Utrecht Uniersity was comrmissioned bythe Netherlands Agncyfor
Energy and the Envonment, Novem, to conduct a series of studies on potentialrenvrental
and safetyrisks for a nurber of solar cell technologs. The obgctive of the studies isot
identify potential bottleneakfor each technolggand to fornulate ensuingecommendations
with regard to the photoeltaic R& policy in the Netherlands.nlthe studythe potential
emvronmentaleffectsof PV modules are ingsticated for their entire lifeycle, that is fromraw
material mining throudh module production and util@ion to nodule decommissioningand,
possibly recycling.

It was agreed with Novem that four different tpes of solar cells auld be inestigated in these
studies, namy:

1) Multicrystallin e siliconcells (nt-Si; also called semor polycrystalline silicon);

2) Amorphous silicon cells (aSi);

3) Cadmium tellurid e cells (Cde);

4) Copper indium selenidecells (CuhSe; also shortened to S);

The studies concerninifpe aboe-mentioned cell technoldgs were reported in threseparate
documents [13]. In this report & will present a sumary of the nethod of approach and the
obtained results for all four cell pes. t should be noted, howek, that the mthodolog and
the scope of the anadgs has deloped in the course of the peajt. Because in this sumery
report we wanted to present results of the four cepég on a more or less comparable basis,
some figures presented here can differ sshat from prevously published figires. These
differences Wl be pointed out and explained a the place vwhere theyoccur. Aso in seeral
places informtion is gven fromrecent studies ich update or supplesnt the orignal studies.

Other authors hae previously published studies in the field of émannmental, health and safet
aspects of PV technolog A landnark studywas published byNeff in 1981 [4], but recent
progress in photowltaic technolog has reduced its relawce. Since 1980 Moskitz and
coworkers hae published a nuflver of very useful reports [3:0] but their nain focus was on
(occupational) health and safetysks and less on eimonnental risls. Based on these studies
Alsema and Turkenburggave a revew of envronnmental aspects of PWechnolog in the
context of the Dutch eneygupply[11].

BecauseCdTe and C3$ technologes hae many sinilarities they were reported on in a digolume. In the followingchapters we will rostly treat
themunder one subject headirigo.



More recent vork by Moskowitz et al. adresses issueseligps haard management, cadnium
use and mdule decornssioning[12-15].

A very thorouch studyof energ and naterial flows in silicon solar cell technolgdcrystalline
and amorphous) vas perforred byHagedorn et al. [16L9, see also 20]. fie limitation of this
work, howewer, is that it focuses onadule production technolggas it existed around 1990,
and gave only limited consideration to the effects of future techniglalgdeelopments.
Nonethelessthe Hagedorn studywas our major source for detailed data on the emerg
requirements and rmaterial flows of presentlay production processes for stglline and
anmorphous silicon mdules.

Finally we want to nention the vork of Steinbergr and cowrkers who recentlyfinished an
extensive study of the enwonmental and health aspects of Gdand CB nodules [21]
However, their results becagailable onlyat a late stag duringthe preparation of this
report. For this reason the new infaation fromtheir workhas onlybeen incorporated on one
critical point (firerelated erissions).

In our own studies wich form the basis for this sumary report we hawe tried to integate
results from prevMous studies in the framwork of the Life Gycle Assessmnt (LCA)
methodobgy and to extend the scope towards future technologes which seemprobable for
large-scale nodule production.

In order to understand the sengitiv of the results Wwh respect to possible future
developnents, ve will draw up three different sets of asspiions concerninghe future status
of the technology for each cell tge. These sets of assptions will be calledworst, base and
best casetechnolog. In this report the base case represents thst probable technoldazal
status at the tim of large-scale deplosent. The worst case reflects the status of presday-
commercial production technolgg Finally, the best case represents araoptimistic viewon
future technoloyg.

As aready indicated, this report it be limited to a lifeeycle assessant of solar celmodules.
In another report the results are described of aA.©f a conplete PV sgtem i.c. a roof-
integrated sgtem which incorporates aomphous silicon radules, a support structure and a
power conditioner [22].

In this report we will first introduce briefly the method of envronmental Life Gycle
Assessment and further define theogl and scope of our assessmstudy Subsequent|ywe
will discuss the wst inportant assuptions concerningmodule and cell characteristics,
production nethods, etc. Mxt, sone results are presented, ang which the expected
emissions to the envonment and the eneygrequirenents. Rnally we will draw sone
conclusions concerningptential enironmental bottleneck of PV nodules.



2 Life Cyle Assessent: Goal, Method and Scope

2.1 LCA goal

In this studywe want to investigate the envonmental bottlenecks which might arise vhen PV
modules are depl@d on a larg scale for the ondial energ supply

A consequence of this obpctive is that mandial production lesls of the order of GWp' per
year should be considered rather the current MWp productiodl.lé\s a reference one can
keep in mind that a yearly solar cell production of ore than 10 ®/p/yr will be required to
sustain a P\¢apacitythat can contribute 5% to currenondial electricitysupply(1 TWy/yr).

2.2 LCA Method

In the progct we made use of the mthod of enwonnental Life Cyle Assessrmant (LCA), a
methodolodcal framework for the analgis of envronnmental aspects of product lifgcles,
which has eulved ower the past fewears. h such a L@ the naterial and enengflows for the
entire life cycle of a certain product are sumyed and anabed with special attentionot
possible envonmental haards. For this purpose the product lifeckeyis divided into anunber
of processes, each ofhieh is described bythe typical product input and output flow,
secondary material inputs, energinput, processigld, waeter and air engsions, solid \aste
produdion ard the autput of rewsalle (seondary materials. Bychaininga nunier of releant
processes into a product life @e and accountingll material flows throudp these processes it
beconmes possible to assess the totgbawt on the erivonment and on eneygand rawmaterial
resources for the entire product lifectsy

One consequence of our studpjective is that ve will have to meke projections about the
technologcal status of future production processes. Because this neceasasliyes najor
uncertainties we will distinguish three cases: theovst casereflectingthe status of preseday
commercial production technolog thebase caseepresentig the nost probable technolazal
statusat the tine of largescale deployent, and finallythe best caseepresentingn optinistic
view on technoloy dewlopment. For the base case technglage assum implementation
within the next 10 ars, vhile the time frane for the (possible) realition of best case
technolog is 15 years.

Regarding our assessemt nethod it should further be noted that in a full Life adiy
Assessment a certain procedure is follosd involving a nunier of steps, such as: definition of
LCA goal and scope, drawingp of the inentory table of enironmental interentions and
classificationandevaluationof theseinterventions[23, 24]. For the purpose of this studhere
we consider future production technoleg not all of the prescribed LCgteps are relemt or
practicable, because of laak data etc. For these reasons our studies cannot i “full”
LCA studies, in vhich the najority of the naterial flows is inventarised and the eirenmental
impacts are ealuated.

For example in our first studyon CdTe and CBE nodules [1], we restricted theatarial flow
analysis to the elenents Cd, €, Se, andrd and did not consider arauxilary material usag.
The main reason for this vas the laclof detailed information on (future) production processes
for these module types. Also at that tim the nethodologcal framework for Life Cycle
Assessments had not gt been fullydeweloped so that the telinology and reportindormat in
our studydeviates fromthe standards which lateraved for LCA studies in the Netherlands.

In the anorphous silicon study2] and the ralitcrystalline silicon study3] we had access to
more detailed data on production technglaghich allowed us to the takinto account rost
material flows. Also we adhered more closelyto the “standards” regding LCA terninology



and study setup. Still, we decided not to performan analgis of envronmental inpacts after
our inventarisation of raterial flows, because: 1) there are insufficient data to aloweliable
impact ewaluation for all ertted substances and 2) issionestimatesfor the futuretechnolog
cases (base and best case) are often to uncertain skameliable inpact ewaluations for these
cases.

2.3 LCA scope and te functional unit

The scope of our aterial flow analysis is restrictedo direct meterial inputs onlywhich means
thatthe productionof for exanple dass or aluimium is outside ousystenboundaryand is not
considered in our anadig.

The scope for the analgis of energ requirenents, hovever, is broader and includes also the
the energy use for the production oflgss and alumium and for the production of capital
equipment. In the energ analysis auxilary materials which are used in relat@ly small
guantities (e.g solents, etchants, klyogen, argn) were not taén into account, @inly
because energ data are unailable for nost of these products. kiges 2.1 and 2.2 illustrate
the definition of the sstemboundaries for the aerials and enegganalyses for the exapie of
mc-Si technology.

The scope definition gven abowe inplies that the noenery related enssions fromthe
produdion of aluminium and glass are ot acounted for in this study Such aspects, howay
should be inestigated in relation to wdule nountingtechnolog (see for exaple [22, 25]).

The functional unit for our LifeCycle Assessmnt, that is the unit of engroduct to be
considered, we hawdefined as 1 squareetsr ofcell area, mnufactured in a comercial scale
production process.f Ineeded, correspondinglues per rh module area can be deei by
apphingthe cell/module area ratio.

The phobvoltaic efficiency will refer to the total area stabilized energy conversion fficiency
of the cellas it is encapsulated in thedule” (encapsulated cell efficiengy

This may lead toan undeestimation of environmental impactsin theimpact cases of global warming, acidification, and
human toxicity, mainly asa result of the emissions from aluminium production. However, the aluminium requirements for
a PV module frame are strongly dependent on module dimensons and nounting method. Therefore, these effects should
be studied in the broader context of PV sysem environmental impacts Further nate that das and A requirements are
independent o cdl type sothat cdl type comparisons ae nat affected by this imitation of the studyscqe.

The main reason for this chdceis that nodule efficiency is a less clearly defined paameter, and that its/alue is depedent
on cell/module area ratio (packing facta). Cdl efficiency values give a beter indication o techndogy statusand can
easily betranshtel into energy output values.
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3 Major assurmtions

3.1 Multicrystallin e siliconmodules

Cell, nodule and process characteristics

Multicrystalline slicon (mc-Si) technology is one of the mjor technologes for production of
solar cell modules and this type of modules presenthhas a share of sa25% of the PV
module market. Reset-day mc-Si modules are enerally conposed of 3640 interconnected
solar cells, where each solar cell consists of a silicoafew with a surface area of about
10x10 cm and a thickess of 0,2,3 nm.

Multicrystalline silicon solar cell technolgds closelyconnected to the oldemonarystalline
solar cell technoloy (which is still the nost inportant technologwith a 60% narket share).
The main difference betwen nulti- and nonocnstalline silicon solar cell amufacturingis
found in the crgtallization process, lile less inportant differences ay be encountered in the
solar cell processingtself (e.g passiation). To a larg extent, hoewer, the naterial flows and
emissions found in miticrystalline silicon technologwill also be found in ranocrystalline
silicon technology. Therefore the results of our study nulticrystalline silicon will probably
also gve an fair indication of the emonmental aspects of omocrystalline silicon technolog
[cf. 18].

In our study we assure the encapsulated cell efficienégr mc-Si to improve fromworst to
base and best case froml3% to 16% and 18% respediy, a deelopment which is to be
achieved by introducing new technoloigs and solar cell features: tables 3.1 and 3.2 an
overnview is gven of the nost important differences bewen the cases.

The life cycle of a nulticrystalline silicon PV rodule starts wh the mining and refiningof
silica (quartz). Silicais reduced with carbon and the reduction step is either followed (in worst
and base case) or preceded (in the best casa)dwyification step. For theasst and base case
we depart from the process deloped byUnion Carbide Qrp. in which SiG4 is hydrogenated
and subsequentMistilled to seritonductor gade (sg silane. his silane can then be cared

to solid polycrystalline silicon, or it can be used as souras fpr anorphous silicon solar cell
production (see next section).

Subsequentlythe hidh purity polycrystalline silicon is rdted and cast into laegblocks of
multi- (or semi-)crystalline dlicon. The blocls are portioned into irms, which ae
subsequently sliced into vefers. The wafers are processed into solar cellsdbghing texturing
formation of the enitter layer, application of baclsurface lagr and contactspassiation and
depositionof the antireflectie coating Finally the solar cells are tested, interconnected and
subsequently encapsulated and fradh into nodules. The application of a backurface lagr
and the pass#tion step are oitted in the best case.

Thegeneraltrendin the expecteduture deelopments is tovards inproved energ and naterial
efficiengy. This can beseen in higer processiglds for hidn purity silicon production, casting
portioning and naterial production, in the usagof thinner wafers, in loweringf the netal
coverage factor in contact forration, in the reduction of contouriraqd wafering losses and in
the reduction of process engngquirenents.

The most influential differences regding enery and naterial requirerants are the usagof
thinner and lar@r wafers and reducingortioningand vafering losses in base and best case,
and the deslopment of a production process for solaade silicon in the best case.

" The reason we investigate multicrystalline slicon techndogy instead of monocrystalling is that multicrystalline S
production technology is a mgor subjed of resarch within the Duch Plotovoltaic R&D Progran whereas
monoacrystallinetechndogy is na.
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Table 3.1: @Il and nodule characteristics forutticrystalline silicon technolog

worst case base case best case
cell efficiency (%) 13 16 18
wafer siz (cnv) 10 x 10 125x125 15x 15
wafer thickness (jm) 300 200 150
cells/nmodule 36 36 40
module siz (n?) 0.44 0.65 1.00
cell/module area ratio 0.82 0.87 0.90
module efficiency (%) 10.6 13.8 16.2
module structure:
- glass (nm) 3 3 3
- EVA3 (mm) 2x0.5 2x0.5 2x0.25
- Tedlar/Al/Tedlar (um) 125 125 125
module life tine (y) 15 25 30
Notes: 1) Efficiencyis for the cdl as encapsuaited and nterconneced in the nodule.
2) deived values;
3) EVA = Ethyl Vinyl Acetate;
Table 3.2: Mapr process characteristics focs8 module production.
worst case base case best case
sgSi production UCC!-process | UCC!-process reduction of
hp-Sio,

casting conventional advanced electro-

conwentional magnetic
waferingloss (um) 300 200 150
backmetal coverage (%) 100 100 10
front metal coverage (%) 10 7 6
solar cell processiglc? 95% 95% 95%

Notes: 1) process aveloped by Union Carbide Corporation to produce sdar grace silare/silicon;
2) for cdl processing only, nat for Si praducion and vefering.
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Module Use

Negligible material inputs and/or eissions are expected durinlge utilization phase of the
module (aly from occasimd washng). Significant enissions dueto fires are ot expected
from mc-Si modules.

In this phase the rodule wil produce electrical eneyy the anount of which depends on
moduleefficiencyandlocation.Modulelifetimesof resp. 15, 25 and 3Gewrs vere assured for
the three cases.

Module decommissioning

At the end of the nodule lifetine the PV sgtemwill be deconmissioned and the resulting
waste will have to be disposed in a responsiblaywOptions for recgling of the silicon vafer
have been inwesticated but are at this ament not conmercially available. Because there is
hardly anydata aailable on the technolggnf mc-Si module recygling we did not consider thi
in our study

3.2 Amorphous silicon modules

Cell, nodule and process characteristics

Amorphoussilicon (aSi) solar cell technologis very different from crystalline silicon cell
technolay, in that the amrphous silicon cell consist of ay thin layer of anorphous (i.e.
non-<rystalline) material. The low requirement of cell material and the possibility of large-area
cell manufacturing processes, akes aSi technolog a potential candidate for production of
low-cost nodules. Furtherare with a-Si there is the possibilitgf cell stackng, an approach in
which two or three different &i solar cells are stael into a tanderor triple structure. and
which may ultimatelylead to a higer conwersion efficiency Mainly because of their relatly
low efficiencya-Si modules hag only a nodest narket share of about 14% at present.

Our worst case and base case definitions for therahmous silicon technolggare both based
on a tandemcell structure, be it ith differing i-layer thicknesses (see table 3.3). For the best
case we assume a triplejunction structure based onSic/a-Si/aSiGe. The aSi layers are
deposited on a tpss substrate byay of the Plasra Enhanced enical Vapour position
with a naterial utilization rate viich increases frorh5 to 70% (table 3.4).

In al three cases the froade contact lagr consists of tinoxge doped wh fluorine and
deposited by CVD, while the backcontact consists of a sputtered oraperated alinmium
layer.

Thesilane sourceasp for aSi deposition is produced likie sare process fronunion Carbide
Corp. which was assued for the nt-Si technology.

Module encapsulation is ctanged from two glass skets fao the worst aml base case (2 x3m
resp. 2 x 2 i), to one 2 m glass sheet ith a spragd-on backside foil in the best case.

Module use
Considerations for the odlule utilization phase are sitar as for nt-Si.

Module decommissioning
After deconmissioningthe aSi module can be disposed as solid waste without prabhesrel
module conponents (includingnetals) are inert or relately harniess.

15



Recycling of the dass or reuse of thelass sheet plus Spayer is possible in principle.
However, to maintain conparability with other considered odule types we hawe not
considered the effects of these ming options.

Table 3.3: Cell and wdule characteristics for @technolog.

WOrst case base case best case
Cell structure aSiC/a-S aSiC/a-S aSiC/a-Si/a-SiGe
(tanden) (tanden) (triple)
Cell efficiency* (%) 6 10 15
SnQ contact thickess (nh 1000 600 500
p-layer thickness$ (nm) 15 20 20
i-layer thicknes$ (nm) 500 300 300
n-layer thickness$ (nm) 35 35 35
Al back contact (nmp 1000 1000 1000
Module siz (nv) 1 1 1
Cell/module area ratio 0.94 0.94 0.94
Module efficiency (%) 5.6 9.4 14.1
module structure:
- front gass (nm) 3 2 3
- EVA (mm) 0.5 0.5 0.5
- backglass (nm) 3 2 -
- backfoil (mm) - - <0.1*
Module life time (yr) 15 25 30

Notes: 1) Stahlized cdl efficiency;,
2) Layer thickness d the p, i and n- layers rders tototal thickness inthe tardem or triple structure.
3) Derived values;
4) back bil material usewas nejlected;

Table 3.4: Mapr process characteristics foSamodule production

Worst case base case best case
silane production UCC!-process UCC!-process UCC!-process
silane utiliation 0.15 0.40 0.70
SnQ utilization 0.25 0.40 0.85
Al utilization 0.30 0.50 0.70
solar cell processigld? 0.90 0.94 0.98
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Notes: 1) process aveloped by Union Carbide Corporation to produce sdar grace silarg/silicon;
2) for cdl/module processirg only, not for silare produdion;

3.3 CdTe and CIS npdules

Cell, nodule and process characteristics

Cadmium telluride (Cde) and copper indiurselenide (CuiSe; also: CE) solar cells are two
other representati@s of thinfilm solar cell technolog which is characterigd bythe use &y
thin layers of cell naterial (<50 pn). For Cde and CE nodules also god prospects exist for
low-cost production processes and for efficierohancemnt byway of cell stackng.
Productiontechnolog for CdTe and C5 solar cells is och less established than foc4® and
a-Si. CdTe modules are produced onbn a small scale (Matshushita, BP Solar)hie CIS
cells hae up to now not been produced on ¢oercial basis.
Specificdataaboutproductiontechnoloy aretherefore scarce. For this reasae hawe limited
our investigation of Cde and CBE technolog to assessant of the raterial flows for Cd, E,
In, and Seand to an ana$is of the energrequirenents.

Table 3.5, 3.6and 3.7 sunmarize the nain cell and nodule characteristics that we leav
assuned for CdTe respectiely CIS nodules.

Note that, in devation of the assuption for aSi modules, and in deation of our orignal
study, we hawe maintained the backlass coer for the best case C@/lCIS nodule. Reason for
this is that lower enissions of heay metals, especiallyin fires and in waste durp sites are
expected frommodules vith a backglass coer.

Table 3.5: Cell characteristics for CdTechnolog.

| worst case | base case | best case |

CdS lar (um) 0.2 0.15 0.1
CdTe layer (um) 4 2 1
cell efficiency(%) 10 15 18

Note: 1) CdTe modilespresertly on he maket have asomewhat lower efficiercy; however
a 10% c# efficiency seems achi@able within a few years.

Table 3.6: Cell characteristics for £kechnoloy.

worst case | base case best case

CdS lar (um) 0.1 0.05 0.02
CulnSe, layer (um) 4 2 1
cell efficiency(%) 10 15 18

Note: 1) Although praotype modules with 10% éficiency hawe been demonstated, no CIS
modules arecommercially availade yet.

" Presently Gais often adde asa fourth cangtituent of CIS (then CIGS) solar cdls. We have nat conddered anygallium use
in our sudy, however.
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Table 3.7: Module characteristics for Celdnd CB5 technoloy.

worst case base case best case
module structure:
- front dass (nm) 3 2 2
- EVA (mm) 0.5 0.5 0.5
- backglass (nm) 3 2 2!
Module siz () 1 1 1
Cell/module area ratio 0.94 0.94 0.94
Module efficiency (%) 9.4 14.1 16.9
module life time (y) 15° 25° 30

Notes: 1) Differs from original study (see text);
2) Derived values;
3) Differs from original study; here worst ard basecasdif etimes aresd equd to values for
a-9 ard me-Si in order to facilitatecomparisan.

Regarding the production technolggwe assure for deposition of the €S and @Te layers in
the CdTe cell that the electrodeposition procesdl Wwe enployed, with material utilization
factors of 90 to 99% (table 3.8). For theSCdell first the CdS lay is sputtered, while the Sl
layer is prepared byphysical vapour deposition of copper and indidollowed by seleniation
(reaction vith H,Se aas).

Table 3.8: Mapr production process characteristics for €did C5 technoloy.

worst case base case best case
CdTecell material utilization 0.90 0.95 0.99
(Cd, Te)
CIS cell material utilization 0.60 0.70 0.80
(Cd, In, Se)
process ield* 0.60 0.70 0.80
Cd enission to air (ny/kg)? 500 100 50
Se, T, In enission to air (nykg)? 5000 1000 500

Notes: 1) cdl/module produdion only;
2) emissn in mg pea kg throughput

The environmental inpacts fromthe nining of Cd, h, Se and & materials which are &l
produced as a bgroduct of inc or copper iming, hawe been calculated as a fraction the total
impact of the nining process. Based on the economwalue of byproduct and ran product
these fractions @re set at respectdly 2.5%, 0.2%, 0.2% and 0.36%.

The base case emission rates for Cd &e based on eigsion data of a cadom production
facility in The Netherlands Because eiasion control for 8, Te and h will probably be less
strict we hawe assurad enission rates for these substances to be a factor hérhig
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Note that enssions to weter hawe been considered butilvnot be presented in this sumary.

Module use

During use of the nodules there is a rigkat theywill be involved in a fire. Tis is especially
the case for modules installed on the roof of a buildingmission of a certain fraction of del
material in CdTe and CB cells nay then occur. Althoug acute health risk from these
emissions are improbable, the cerall envronmental inpacts still need consideratiofherefore
an estimate of the fire riskand vorst to best case assptions for the eitted fraction hae
been nade (table 3.9). @this point recent inforation fromthe studyby Steinbergretal. [21]
was used to update the asgtions on eritted cell naterial.

Different other routes for huem exposure to Cd,elor Se duringthe use of Cd& and CB
modules have also beernnvestigated bySteinberger et al, buin all cases th risks were found
to be small.

Table3.9: Assumptions on erissions frommodule use and decanissioningfor CdTe and
CIS technolog.

worst case base casq best case

fraction of cell naterial released durinfire™:

-Cd, Te 0.10 0.75 0.05
- Se 1.00 0.75 0.50
fire risk® (yr) 10* 10* 10
fraction of decomm. modules entering 0.10 0.02 0
waste incineration

fraction of heay metals enitted to air 0.0015 0.0015 0.0015
from waste incineratioh

fraction of decomm. modules @ingto household 0 0.03 0.01
dunp sité

fraction of heay metals enitted to water from 0.001 0.001 0.001
waste dum

Notes: 1) Worst caseemissin raes arebasel on recent exparimental dat (see [21]); baseand worst caseemissions
were se¢ at 75% resp 50% & worst caseemisson. The reducions for the baseand bet casemight be
achieved by enhanced module encapsuation. Note that in the original report emission rates were assuned
to bemuch hghe for Cd and TeAll results presented bdow arebasel on the new assurptions.

2) Estimated risk for roof-top installatians, risk wil be lower for ground-basd systems.

3) In the original repart on CdT€ECIS this fracion was estimated much hgher, at 0.10. However, recent
studies indicatethat Gd emissions ffom waste incineratass lie in the rarge of 0.1-0.15% [26]. All resuts
presented bdow arebaseé on the new assurption.

4) Total fracion of decommissioned modules treated as vaste (incineration plus dunping) is assuned to be
resp. 0.10, 0.05 and M1 for worst, baseand bst case of this anount a facion o 1.0, 06 resp.0 is
incinerated.

Module decommissioning

In view of the heay metal content of Cd€ and C5 npdules separate collection of
decommissioned radules seesiadvsable. Hwever, it is probable that a safi fraction of the
moduleswill ill end up inhousehold waste whichay either be incinerated or disposed of at
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a landfill site. In each case a certain @msion of the hegv metals to the envonment will
result. Releant assurptions to estirate these eissions are igen in table 3.7.

Although recyling of CdTe and CB nodules is sulgjct of investigations, there is naufficient
data to consider the effects of a possible ¢y process at this tim
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4 Energyanalysis

4.1 Introduction

In this chapter w will analyse the @oss Eergy Requirement (GER) of the considered solar
cell modules. A GER &ue gves the total aount of prinary energy incorporated in a product
as a result of all the production processes necesdaryrenufacture it, includinghe heating
value of the product (if releant). The energ required in a specific process step is called the
Process Energy Requirenment (PER. This PERcan be separated into a direct and an indirect
part where the first @lue gves the electrical and fuel engrgvhich is consurad in the
produdion process itself, Wile the indirect FER represetts the "overhead amount of enery
consumption due to for exapie lighting, heatingand \entilation. So curalation of all PER
values for the subsequent steps in a production process anchasiom with the producs
heatingvalue results in the GERalue of the product.

In our anal\sis of module GER values we will distinguish the followng contributions: the
Gross Eneryy Requirenent of the input raterials (GER input), the Process Engrg
Requirements (PER) and the Gross EngrBequirenent of the capital gods (GER capital)
Energy required for the production of the inputamarials like dass or EVAis also takn into
account.In the base and best cases a 10% resp 20% auwaromduction on the Process
Energy Requirenents is assuied for commodities like dass, B/A and alunmium.

Althoudh energy requirenents will generallybe a nix of thernal (fuel) and an electrical energ
all results vill be presented here in theshenerg units. For the conersion of therral energy
units (kWh,,) to electrical enesgunits (RWh,) a factor of resp. 0.39, 0.42 and 0.45 was used,
reflecting the expected iprovenents in aerage conwersion efficiency of the (Dutch)
electricity supply

The Energy Pay-Back Time (EPBT) for the different casesillvalso be presented.hls EPBT
will be calculated for a PV stemunder Dutch irradiation conditions (1000M&h/n?/yr) and
"global awerage" irradiation (1700 Wh/nmé/yr). Furthernore we assunad a \early Perfornance
Ratio (a measure of sstemperfornance) of respectaly 0.75, 0.80 and 0.85 for theowst, base
and best case.ppendix Agives an oeniew of energ production data per 'module area in
the different cases.

Note that eneng payback times are yen for franeless nodules onlybecause Balanas-
system components lile support structures etcesg not ealuated in our studies and because
framing requirenents are dependent on theethod of installation of the opdules. Som
remarks on energ requirenents of nodule franes and support structureslivbe given in
section 4.5

4.2 Multicrystallin e siliconmodules

In table 4.1 we show in which way the energy requirements of the me-Si module are built up
starting wth puification, resultingin solar gade silicon vith a Goss Energ Requirenent of
167 kWh,/kg (worst case).Then the silican is castedard saved into wafers, which hae a
threefold increased ER value, nainly due to naterial losses. fie worst case afer GER value
of 509kWh,, per kg material, which is equivalent to 350 KWh,, per nt cell area, then formone
of the eneryg inputs for the solar cell andadule nanufacturingprocess.

Other energy inputs in this process are theoSs Energ Requirenents of secondaryi.e. non-
wafer) input naterials, the Process EngriRequirenents and the R capital. e last four
energy requirenent figures can then be added up to obtain the final Gal&evof 969 kvVh,,
per nt cell area for the finished mdule.
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Table4.1: Energy requirenents for nulticrystalline silicon solar cell ndules. (See section
4.1 for an explanation of the tesfGER and PER).

Process Energ requirenent unit* worst | base | best
case | case| case
Si reduction & | GER sgsilicon kWh,/kg 167 153 45
purification
castingand GER wafer kWh,/kg 509 | 450 210
wafering
GER wafer kWh,/m? | 350 207 72
GER other input mterials KWh,/m? 68 59 42
(glass, EVA etc.)
cell & module | pgR (direct + indirect) kWhy/m? | 395| 94 47
processing
GER capital godg KWh,/m? | 156 39 19
GER nodule gexcl. frareg kWhyéém2 969 | 399 180
Finished Energy PayBackTime yr 3.8 1.3 0.5
module (Netherlands)
Enery PayBackTime yr 2.3 0.8 0.3
(global awrage)

Notes: 1) m?refers tototal cdl area
2) Values réer to cdl and nodule processing only, therefore apparetly different from values in original
study.

Goaing from worst to best caseexcan see that the avement towards thinner wafers and the
introduction of newsSi purification process ay bringdown the GER of the vafer with a factor
of five. Inthe cell processiniself increased batch &g, increased utiliion of equiprant and
modernization of processes heawa larg effect on the contributions froglirect and indirect
PER and from GER capital. Much less reduction is seen in the eneequirenent for
secondary materials. All in all it is clear there areogd prospects for reduction of engrg
requirements, and that this can happen kygby way of technolog improvements which a
likely to be introduced for reasons of cost reduction or cell pediocaenhancesnt.

It should be noted that the choice for theC@process for silicon purification in our
evaluations gves an sligtly optimistic image of the enengrequirenent of nc-Si modules. 1
the nore conmon Sienens purification processas assumd energ requirenents and enesg
pay back times for the wrst and base ould be approxiraely 20% hidher. (Best case results
are not influenced bthis choice because an entirdi§ferent process is asseththere).

Other estimates for the Gross Engrdrequirenent of mc-Si modules hae been nade byPak
and Zibetta and byHagedorn. Palzand Zbetta [27] estirated the GER for mSi modules
based on 190 m wafers at about 260Wh,/m?. Their value cannot be copared easilyo our
estimates because of the ladk detailed informtion in their publication (e.gthe eneryg
requirenent for the frang) and because of different asqutions. h view of their assumtions
on silicon purification and wafer thickness their slue should lie beteen our base and best
case. Howewr, if their module does indeed include an alamm frame, like theysay the
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energy remaining for the nodule itself night be estimted at som 140180 RWh,/m? This
value seem \ery low in conparison vith our base and best case esties (400 resp. 180
kWh,/m?). In our \iew the Rlz and Zbetta estimate is too optinstic and certainlynot
representatie for presentdaytechnology.

If we conpare Hagedorn’s estinate of the &R for "presenday’ (i.c. 1988) na-Si technoloy

[16, 17] with our worst caseresuts we find that Hagedom’s value is twice as gh as airs.

This can be explained byur assumtion of thinner vafers (300 pm vs 450 pm), another
produdion raute for high puiity silicon (with a Hgher gocess ield ard lower process eergy

requirenent) and the aailability of more recent data on the engrgequirenents of input
materials and cell production processedthdudh our results rmy be sliditly optimistic (see
above) we think that theygive a fair indication of the eneygequirenents of presentlay and
future nc-Si technology.

Cadlculation of the energ payback time for our three cases shewthat for the wrst case
module he pay-back time is rather high, amog 4 years under Dutch conditions, but the base
and best case estimtes gve an acceptable toogd paybacktime of 1.3 to 0.5 gars. Uder
globally averaged irradiation conditions the EPB3S in all cases less than 2.&ays.

4.3 Amorphous silicon modules

In the anorphous silicon mdule also purified silicon (in the forrof silane) is used as
feedstockfor preparation of the solar cell.oWever, because the & cell itself is almst a
factor thousand thinner than thes1&i cell the contribution to the engrgequirenents fromthe
silane is practicallyedigible (1.60.2 KWh,, per nt cell area).
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Table 4.2: Energy requirements for amorphous silicon solar cell adules. (See section 4.1 for
an explanation of the tesTGER and PER).

Process Energy requirenent unit* worst base best
case case case
Sireduction | GER silané kWh,/kg 167 153 153
& purification
GER silane input KWh,/m? 1.6 0.3 0.2
GER other input kWh,/m? 82 53 37
cdl & materials (glass, EVA
module PER (direct + indirect) | kWh/m? | 320 108 73
processing
GER capitd! KWh,/m? 123 63 38
GER nodule kWh,/m? 525 224 149
(excl. frane)
Finished .00
module Energ/ PayBack Time® yr 4.6 1.2 0.6
(Netherlands)
Energy PayBack Time® yr 2.7 0.7 0.4
(global aerage)

Notes: 1) m?refers tototal cell ares;
2) Updaed GER value for silare (equd to GER for sgsilicium from UCC-process, cf section 5.2);
3) Updated GER vaues for glass (4.2 kWM,/kg) and E\A (20.8 kWh,/kg) use& and acconting for
cdl/module arearatio of 0.94; therefore different from original stuy;
4) For cdl and nodule pracessing only;
5) Previously pubished EMBT values neglected PV system losses (FR=1).

We see that for aSi technolog too, there is a sificant potential for reduction of ensrg
requirenents, leadingo energ requirenents of less than 200/&h,/m2 for frameless nodules.
For the presentedaytechnolog, howewver, the enerngrequirenents are still relatigly high, with
the process steps forSh-and baclcontact deposition as portant contributors.

Our analyses further showthat the ¢pss nakes up about 80% of the r@s Eneryg
Requirements for the input raterials. Replacinghe dass bysynthetic naterials does not offer
much prospects for enengreduction as wst plastics hava higher energ requirenent than
glass. Only the use of thin foils as substrate andecawaterial may lead to reductions in
energy requirenents, but then the adule would loose its rigity, requiringnowel mounting
concepts. Another option could be the rading of the nodule dass at the end of its lifeten
but this will not result a sigificant reduction of the enery requirenent either (approx. 7
kWh,/m?).

Finally one can see that the capitabogls contribute sigjficantly to the total enenrg
requirements of the mdule. Note, hovewer, that these estates are based on ecoriom
statistical data on eneyguse per dollar imnested for certain product categes and therefer
have a rather hich degee of uncertaintyStill, the hidn contribution of capital gods is tyical

" For exanple, ue of an ecapsllation bagd on a 2 mm pdypropylene (PP) subdrate and 0.13 m ethylene tetrafluoro
ethylene co-polymer (ETFE) will require appioximately 34 kWh,/m? [25], while a daible glass encapsilation requires
40 kWh,/m? So thereduction in energy requirement is only modest.
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for a "high-tech" product as PMunodules and quite different frorthe situation for rore
conwentional industrial products.

Becauseof the relatively low €efficiency of aSi modules the eneygpaybacktime is in the
worstcase hiper than for a m¥Si module. For base and best cas®i arodule paybacktimes

are conparable vith mc-Si base and best casdues.

This remarkable result indicates that engrgequirenents for processinggass, EVA capital

goods and nomrocess appliances (heatjfghting, emnission control) are so higthat for a
module with a relatively low efficiency an unfavourable energy pay-back time may be found.

Evidently the geatly reduced requireemt of cell naterial in the aSi module does not
conpensate for the logr efficiency, at least in eneygterns.

The studyby Palzand Zbetta [27] on the eneygequirenents for a 199@roductionprocessof
aSi modules arrives at a GER alue of about 170 Wh,/m? which is much lower than our
worst case estimte. Hgedorn [16], on the other hand,vgs at about the samaue
(500 kWh,/m?) for presentday technoloy as we do. Lackng detail in the Paland Zbetta
paper nakes it difficult to analge the reason for these differences.

In conparison vith the estimtes belowfor CdTe and CB nodules the Process Engrg
Requirenent for the worst case &i module seem sonewhat hidh. It might be that the
Hagedorn studywhich formed the basis for ouravst case estiaie is sorawhat conserative
on this point and that mwre nodern production facilities W have a lower proces energ
requirenent.

4.4 CdTe and CIS nodules

The eneryg requirenents for production of Cddand CB nodules areigen in table 4.3.

Here estimates for the direct Process EngerBequirenent from our QTe/CIS study are
combined with new estimates for the indirect PERderived fromthe aSi study and for the
GER of glass and EVA. The GER for the input of Cd anceTesp Cu, h and Se are negrted
but this wil give only a snall error (cf. &R silane input in table 5.2).

In our view these newesults proide a better estiate for the totaénergy requirenent of CdTe
and CIS than the prewusly published aues. Sill the uncertaintyin the \alues is largr than
for a-Si and ne-Si technoloy because relemt data froma production erivonment are not
available for CdE/CIS technolog.

From the table w can see the @ss Energ Requirenents for the Cd€ module are somwhat
lower than for the &i module, while the 3 estinates are sigjficantly higher than those for
CdTe. The latter is entirelydue to the eaporation/selenaion process for @nSe, deposition
which is nmore energ-intensiwve than the elgkodeposition rethod used for Cda.

Comparison with the estinates byHynes et al [28] of eneygrequirenent for electrodeposited
CdTe modules (GER = 275Wh,/m?) shows on first iew a god correspondence with our
worst case aue. However, the contributions for capital equigmt and input terials are
estimated quite differently (lower resp. higer) by Hynes et al. @ly a further analsis of
undelying assmptions may lead to an explaration of these dfferences ad, possibly a
consensus result.

Based on our estimates the eneygpaybacktimes which can be calculated fordTe and S
modules & fairly good, lower than 2.5ears. Howegr one should note that caonercial
produdion of CdTe or CIS modules vith 10% (cell) efficiencyas assued for the vorst case,
has not been proven yet, while for aSi and ne-S modules verst case technolggis
commercially available.
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Still, the beter efficiency perspectives of CdTe and CIS cells do give them an edge over aSi
technology in enery terms.

Table4.3: Energy requirenents for CAE/CIS solar cell nodules (in kVh,, per nt cell area).
(See section 4.1 for an explanation of the £@ER and PER).

|| cis

worst base best
GER input naterial 77 50 43 77 50 43
(glass, EVA
PER (indirect + direct) 100 90 70 280 220 180
GER capital 124 34 11 124 34 11

GER nodule 301 174 124 481 304 235
(excl. frane)
_

e ——

Enery PayBackTime 1.6 0.6 0.4 2.5 11 0.7
(in years; Ntherlands)

0.9 0.4 0.2 15 0.6 0.4

Enery PayBack Time
(in yr; global aerag)

Notes: 1) Updakd GER values for glass and EX (cf. section 5.3), therefore different from original study;,
2) Indirect PER was nd estimated in original study, here sane value as br a-Simodule assuned;

4.5 Frames and supportstructures

Solarcell modules nay be fitted wth a frane to provde a way to fasten the wdules on the
array support structurenlmost cases such a framonsists of an aluimium profile which is
fitted around the outside edg of the mdule. Atypical frane for mc-Si modules has a @ght
of 0,35 lg pe meter frame length, which corresponds vith an extra enesgrequirenent of resp.
175,120and 8 kWh,/m?for a worst, base ahbest case ;S modul€. This neans an extra
energy pay-back time under mMitch conditions of resp. 0.7, 0.4 and O&axs for the fram
(underglobalaverage conditionsresp. 0.4, 0.2 and 0.15)yFor the worst case &i modules the
additional energ paybacktime for a frane can een be 1 gar.

In general, nodule frane requirenents can best be considered in relation to the asugppot
structureln a certaintype of roof-top PV installations for exanple, framelessamodules nay be
placed on aluiium support profiles Wwich require about Rg of aluninium perm?. The Gross
Enery Requirement for this support structureomld be about 130Wh,/m? (from which a
credit of 28 KVh,/m? may be subtracted for unneeded roof tiles) [22].

Support structures for groundbased arrayy may require 850 kg steel per rhmodule area
corresponihg with a Gross Energy Requirement of 55210 RWh,/m?. Modules which are to be
installed into such a support structurdliwn most cases also need adule frane, so that total
GER \alues of 2305600 KWh,/m? for frame and support ay be found [25].

* Assuming resp. 2.8, 2.1 and 1.6 kgf Al pa m? cdl area for theworst bag and bet ca®, aswell asa rductian in energy
requirementsfor Al production (see 4.1) The Al is asumed to be producel from 100% vrgin material.
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Energy requirenents for cablingand power conditioningquipnent are mch snaller and can
be nedected for a first consideration.

The considerations abog show that mdule franes and arragupport structures @& cause a
substantial increase in the total engrgequirenent for a PV sgtemand that reduction options
for these sgtemconponents need serious attentiomeOstraigptforward option is the use of
secondary (=recycled) alunmnium instead of irgin aluninium’, resultingin a reduction of up to
80% for the alunminium conponents. Another attracgvoption nay be the use of plastic instead
of aluminium frames: usinga polyethylene frane with twice the thickess of the Aframe may
reduce the fragis enery requirenent also by80% [25].

4.6 Conclusions

Gross energy requirenents for solar rodules ary from ca. 175 to 400 Wh,/n? for the base
case definition. h general \ery good prospects exist for reduction of energquirenents by
future technolog dewelopments, vhich in nost cases are kgty to be introduced for reasons of
cost reduction or cell perforance enhanceent.

Although the energ payback time of the preserday mc-Si and aSi modules (framsless)
underDutch irradiation conditions is relatiely high with 3.8 years respectely 4.6 years, it ¢
still condderably shorter than the expected technical lifetime of the module (1530 years)
Moreover, probable technolggdewelopments should result in base case epgay-backtimes
which are nuch shorter, nagety resp. 1.2, 1.2, 0.6 and 1.2ars for no-Si, a-Si, CdTe and CB
modules (also underi@ch irradiation conditions).

Frames and support structures can add substantiaitythe order of 10800 RVh,/n? to the
total enery requirenent of a PVsystem in other words frams and supports ay double the
energy pay-backtime of the PV sgtem Therefore serious attention is necesdarydesigs of
arraysupport structures which has low energ requirenent.

Finally it should be noted that there is still considerable uncerta@intihe enengrequirenents

of solar cell production and that sastudies gve very different results for certain process
steps. For exanple, Palz andZibetta [27] gve much nore optinistic GER values for ne-Si and

aSi modules, vhile on the other hand the estitas byHagedorn [16, 17] are wre or less in
line with our values. The estinates vhich we present in this report are based on the sources
which we viewed as the wst reliable. 8ll, it seens worthwhile to aimat a geater consensus

in this area so that a clearessag on energ requirenents and enesgpaybacktimes of PV
technoloy may be coneyed to policymakers and the public inaperal.

" Useof 100% gconday alumnium would reducethe energy requirement for theframe by abait 80%.
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5 Material flow analgs

5.1 Introduction

For all four cell types we hae analysed naterial flows and estiated enssions due to odule
producton. In these analjs we hawe considered onlylirect naterial inputs, so the production
of conmodities, like aluninium and dass, and capitalogpds was not takn into account.

A comprehensie owenview of all naterial requirerants and etigsions is impossible in the
context of this sutmary report, therefore wwill highlight a fewnotable aspects per celps,
begnningwith the issue of resource depletion.

5.2 Resource depletion

In order to evaluate resource depletion piancts ve will estimate the raterial requirerants if
5% of the current world electricityproduction (1 Wyly) is supplied bymeans of one speaifi
type of solar cell nodules (base casariant). This would mean that ca. 13 \®p of solar cell
modules have to be produced annuallyThe correspondingnaterial requirerents will be
conpared vith current production les and estirated reserss.

As no recycling technologes are currentlyavailable for solar cell mdules, the effect of
recycling of resource merials wil not be considered here (cf. section 5.4).

mc-Si modules

Quartz sand, the prinmary feedstockmaterial for production ra-Si cells, is ery abundant so on
this point resource aailability will probably newer be an issue. @ point of concern, haaver,
is the consunption of siler for the contactst lwas estimted that about 50 gf silver is
requiredper nt cell area, so that supplgf 5% of nondial electricityconsunption woul
require 4 kton of silver per yar or 30% of the current sdw production (table 5.1). So
reduction of siler use in the contacts is ofpartance.

Probablya reduction of siler use Wl also be pursued for reasons of cost reductinfatt, the
silver requirerant in our best case¢¥& modules is only7% of the base case requim

a-Si modules
No resource ailability problens whatsoeer are expected for & modules.

CdTe and CIS modules

For production of base case Celinodules about 60 tonk@p of both Cd and &is required.
view of current production lesls and estirated resems (table 5.2) the suppbdf cadnum will
not be a bottleneckThe supplyof tellurium howewver, may becone a problemif CdTe modules
are to contribute sigficantly to the world electricitysupply Te is meinly produced as
byproduct of copper, and as such the production capamaitybe limted to 400 ton raximum.

For base case CH nodule production about 70 ton of indiuamd 125 ton of seleniurs
needed. Current indium production is ey small (140 ton/y and the reximum production
capacityas a hyproduct of inc winning may be limted to 1000 tons. Also the andial
reserves may be depleted within a fewaars if CE nodules are to suppl$% of the word
electricity production. Seleniuraupply on the other hand,ilvbe much less probleatic.

The resource requirenents for the warst and best case Cd@and C5 nodules can be found by
multiplication with a factor 5 resp. 0.35.

In view of these resource considerations ddicyg of the netals in Cde and C5 nodules vill

become a point of mgjor importance if these adule tyes are to be iplemented on a lamy
scale (see 5.5).
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Table5.1: Resource material requirerants for base case PVaaule production copared to
current production lesls, maximum production capacities and estitad reserss.
Material requirerants are gven for 13 GWp/ymodule production which allows
5% of mondial electricity production to be supplied. For CdgTIn and Se
estimates are igen for meximum production of the mterial as a by-producof
zinc or copper winning

Cell | resource| requirenent for mondial max. resene
type | material | 5% electr. prod. productiort production as| basé
by PV by-product
(kton/y) (ktonly) (kton/y) (kton)
Si 120 3600 n.a. | large
mc-
Si Ag 4 13.7 n.a. 420
aSi | Si 0.3 3600 na. | large
Cd 0.8 20 30 970
CdT
e Te 0.8 0.5 4 38
In 0.9 0.14 1 5
CIS
Se 1.6 1.8 10 130

Notes: 1) Saurce US Bureau d Mines, 1992 P9].

5.3 Emissions to the environment

General remarks

For all module types the raterial balance is domated bythe bulktype naterials used for
module encapsulation l@gss, EVA. Also waste ernssions consistingof rejected or
decommissioned mdules forman inportant contribution (in @ss terrs).

For the thin filmtype of nodules (aSi, CdTe, CIS) the erission of tin to the ater resulting
from the TCO deposition process, is a point of attention.

With respect to different cases oneymernerk that, ging from worst to best case, thergral

trend for increased rerial efficiencywill mostly lead to decreasingmissions per unit cell
area.Furthernore enissions on eneggbasis, viich are rore releant in conparisons wth

other energ technologes, will of course benefit fronthe increasingell perfornance.

mc-Si modules

Environmentally relevant substances lich may be released in utticrystalline silicon PV
module poduction are fluorine, chlorine, nitrate, isopropanol,,, SCO,, respirable silica
particles and solents. Enssions of (norenerg-related) CQ and SQ from mc-Si module
production are @inly caused byhe carbotheriuo silica reduction process. Standardasures,
like the use of lowsulphur fuel and desulphusation of flue gises can ay significantly reduce
the SQ emissions.

Most other process assions seemrelatiely small and wil have little or nedigible
enmvronmental impact. Pssible exceptions are theat®r-borne @- and Femnissions resulting
from neutralizing etchingand texturingsolutions and flueases. @Gmpared on an eneygoasis
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the CI- and F-enissions for the base caseodule are estiated to be resp. 89,000 and
1,500 kg/TWh, which is of the order of 2P5% of the equiaent enissions of a codlired
electricity plant.

Some attention nay be necessarfpr enission of solents or other elatile organic conpounds
from various process steps, amg others frommetal paste firingand -possibly - module
lamination. These engsions vill depend hidply on processingonditions and control easures.
Also care should be tak to preent accidental eissions of C|, because thisag has aary
high Global Warnmg Potential.

The possibilities for reuse of productionaste, e.gsilicon wafers and silicon carbide, should
be inwesticated.

The differences beteen respecty cases for mS modules are not reakable, althoub
emissions vill decrease sopwhat due to increasedaterial efficiency

a-Si modules

Apart fromthe renarks mede aboe with respect to (thifitlm) modules in gneral there ar
little or no dgnificant emissions to be expected from &S module production, use and
decommissioning The enissions fromthe silane production process contribute orsy little

to the total enssions and can be rlegted.

Regarding the conparative enissions of the three & cases w can conclude that the trends
toward improved material utilization and lowr glass content of the adule which may be
expected from current RRD efforts, wil also contribute to a further reduction of the
emvronmental inpacts of aSi module production.

In total, we can saythat for the assuad systemboundaries and assumy proper erission
control neasures lamyscale production of & modules vill not result in any serious
envronmental enssion.

CdTe and CIS modules

As stated above we hawe only considered the aterial flows of the heay metals contained in
CdTe andCIS modules A first point to note in this respect is that Gddr CIS nodules contain
only arelatively small anount of heay metals, for examle base case CéTmodules contain
ca. 6 gof cadnmum per nf module area. Byconparison, a sinig NiCad penligt battery
contains 2.5 g of cadnium. If we consider both products as an epesgpplier (althoul
NiCads are obviously not a real eneggsource) then we find that the aumt of cadrium
contained in the base case CdTodule is about 0.001 ger RWh supplied (0.006/gWh for
the worst case), Wile the NCad batteryequires about 5 §d per KWh supplied.

For our assessent of enwonmental enssions ve will focus on the estimted enssions of
cadmium resp. seleniunto the atrmsphere which are sumarized in tables 5.2 and 5.3. We can
seethatin the base case the Esions nainly occur in the resourceining (and refining and in
the module utilization phase. Fom worst to best case e¢henissions differ by roughly a factor
of 10, reflectingthe uncertaintyregarding enission rates for future technolpgases. Emsions
of selenium are considerabhhigher than for cadiom because of less striagt enission
control measures. tl should be noted that there is somncertaintyin the assuiptions
underlying the enssion estimates for the mdule utilization and decomissioningphases.

Also it isimportant to note that the rislof cadnum (or seleniumreleases to the eimenment
from the utilization and decomissioningphases areesy much dependant on thepw of
encapsulation that is chosen for the adule. Experirental tests sugpst that releases from
modules witha double dass encapsulation are considerdblyer than for nodules vithout a
glass cover at the backide [21, 30]. WfortunatelyCdTe modules vhich are presentlpffered
on the narket often do not hava backglass cower.
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Table 5.2: Atmosphericcadmium ernissions fromthe life cycle of CdTe modules and from
coalfired electricitygeneration.

worst base best

Mining (mg/m?) 11 0.9 0.2
Module production (ym?) 8 0.4 0.05
Utilization' (mg/m?) 1.8 1.1 0.5
Deconmissioning (mg/m?) 1.8 0.2 0.005
Total enission (ny/m?) 22.6 2.6 0.8
Emission per unit eneyd (yGWh) 11.8 0.5 0.1
Cd enission fromcoal plant (yGWh) 0.6-10

Cd enission fromcoal @sification plant 0.0641

(9/GWh)

Notes: 1) S\)c\)/te;rlr)esp. 15, 25 or 30 yearadule life tine; assurptions different fromoriginal study ¢ee table 3.9

2) Differert from original stuly (see tédle 39, note 3.
3) Assuning global average irradiation, values are factor 1.7 higher fotdd irradiation conditions.
4) Estimate for modern coalplantin the Neherlands.
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Table 5.3: Atmosphericseleniumenissions fromthe life cycle of CuhSe modules and from
coalfired electricitygeneration.

worst base best

Mining (mg/m?) 260 19 3.6
Module production (ym?) 210 11 1.5
Utilization' (mg/ny) 25 15 6.0
Deconmissioning (mg/m?) 5 0.5 0.07
Total enission (ny/m?) 500 45.5 11.2
Emission per unit eneyd (yGWh) 260 8.9 1.8
Se enssion fromcoal plant (yGWh) 70

Se enssion fromcoal @sification plant 60

(g/GWh)

Notes: 1) Over resp. 15, 25 or 30 yearadule life tine; assurptionsdifferentfrom original studyéeetable 3.9, note
1);
2) Differert from original study (see tdle 39, note 3.
3) Assuning global average irradiation, values are factor 1.7 higher fotdh irradiation conditions.
4) Esimate for modern coalplantin the Neherlands.

In order to put these eBsion estimtes into perspectvwe can corpare themwith the
emissions of cadnium and seleniumfrom coalfired electricity generation vhich has been
estimated at 0.6t0 gGWh resp. 70 5Wh for a nodern coal power plant in the Netherlands.
For a plant based on coahgification technolog howewer, enissions are loer, nanely 0.0641
g/GWh for Cd and 60/&Wh for Se.

We cantherefore conclude that the atspheric Cd erasions for the base case GdTodule of
0.5g/GWh (0.9 gGWh in the Netherlandg are lower than those of amoden cod power plant,
but may be higherthan for a coal gsification power plant. With regd to CIS nodules the base
case Se emissions to the air are sidicantly lower than Se emssions both frontonwentional
coal plants and fromoal gsification plants.

An important point to note in this respect is that céiagéd plants hag many more enissions
(a.0.S0,, NO,, Cl, F, B, Cr, Hg, Pb) which are often larger than the Cd or Se emissions For
CdTe or AS nodules, on the other hand, cadm respectiely seleniumwill be oneof the few
emvronmentallyrelevant enissions.

A secondway to put the results abowve into pespective is to compare the estimated emissions
with the total enissions of @ or Se fromall existingecononic activities. Considerfor exanple
a situation where 5% of the current Dutch electrigitypduction (ca. 80 Wh/yr) would be
generated bybase case dde or AS nodules. he resultingCd and Se ermsions fromthis
activity would then be 3.5d¢yr respectiely 60 ky/yr, which is equiglent to 0.2% resp. 0.6%
of the current total eissions of Cd and Se in the Netherlands.

The ewluation vhether enssions as estiaied abog may be acceptable for societyr not
remains a difficult problemand in the end it is a political choiceowever, it seens to us that
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the results abo# gve no reason for imediate concern, althoigit would be god if the rang
of uncertaintycould be reduced.

5.4 Module decommissioning and recycling options

After their useful lifetime the solar cell stemwill be disnantled and resultingiaste streas
will have to treated in a responsibleanmer. h this section w will consider som issues of
module waste nanagement and discuss recling possibilities.

mc-Si modules

Mc-Si modules consist ainly of gass (78 w %), with smaller fractions of EVA(10 wt.%),
polyester (7%) and silicon (4 %) all rather hartess naterials. Fbwever, small amounts of
silver (0.4 wi. %) and copper (0.3t846) for the vorstcasemodulearealsoin the modulewaste
in concentrations hich are jist belowthe threshold alue for "Dangerous Waste" (0.5 t#6)
accordingto Dutch enwronmental reglations.

As yet there is no comercial process aailable for recgling of me-Si modules. Recgling of
the module cover glassshould be possible if pthods are destoped to separate it frorthe
EVA and other module conponents. Rcycling of module dass vith adherent EVAwill meet
sone restrictions (see belounder aSi modules).

Methods for reclainng the silicon vefers froma (repcted) nodule hae been inestigated
[31], but to our kowledg theyare not commercially applied up to now.

a-Si modules

a-Si modules consist @inly of glass and can therefore be used as feedftodecondaryglass
production (¢pss recgling). Recent experiants hae shown that the onlyestrictions are the
modulesshould nainly be used for production of coloured pickglass and that the fraction
of module waste in the total feedstoskould rerain below 10%. These restrictions, hawer,
would not pose angerious linitations on future &i module deployent [32].

Also it has been deronstrated that it is technicallpossible to reise a ¢tass substrate
(including the TCO layer) after etchingoff the aSi and backcontact lagrs from a
non-encapsiated module. This approach ay be interestingor the reprocessingf rejected
modules in a radule production plant [32].

CdTe/CIS modules

The heay metal content of Cd& and CBE nodules would require therto be treated as
"Dangerous Waste" under the existinggulations in the Mtherlands. @ the other hand,
atleastone type of conmercially available Cde modules has been shawo neet the proposed
EC requlations for vaste disposal in land fill sites [33].

The heay metal content of Cd®/CIS npdules nakes themless attractie as feedstockor
secondanglass production.

One viable option for disposal is to feed th@dules into norderrous smalters [14]. Althoud
no estimates are ailable at this tirm, it would seemthat the total ®lume of module waste
which can be disposed of in this wayg rather linited, so that it is probablgot a longtem
solution.

If large scale deplayent of CdTe or CIS nodules is considered then the reagwof the heay
metals from the nodule waste vill probably be required, fronthe Viewpoint of both vaste
management and resource amagement (cf. 5.1). t appears that lidyometallurgcal methods
offer the best prospects for such aetal recowery process, althougeffective extraction of the
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metals from an encapsulatedadule nay be probleratic [14, 34]. Also the low concentration
of metals would probablylead to added cost for the retipg process.

5.5 Conclusions

From our analges ve conclude that for the imediate future and ithin the considered syem

boundaries there are no reasons for concerard@tg the naterial requiremants and enssions

of solar cell nodules. @ly if large scale deplayent of modules -with annual production

levels of seweral GN's - becones probable there are semoints which need closer attention,

nangly:

* resource depletion of siv (mc-Si modules);

* resource depletion of indiufCIS modules)

* waste management and recgling possibilities for decomissioned rodules (ne-Si, CdTe,
CIS);

* cumulative fireinduced enssions fromCdTe and C5 nodules.

Although there is still a considerable rangf uncertaintyin our enission estinates the risk

from cadmium or seleniumuse in CdE respectiely CIS npdules seemacceptable in

conparison with sorre existingproducts or seriges like NCad batteries or codired electricity
production.
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6 Health and sa&ty risks

In this chapter ve will shortly review occupational health and safefgks and external safety
risks. Public health risk are not discussed here because they a consequence of the
emissions discussed in the pieus chapter. Morear, the estiration of public health risk
from enission data \&s not part of our studscope because it is ary conplex task

We will focus here on risks resulting from module production. Oneegeral point of attention
for moduleinstallation and use are the dectrical shodk hazards However, with a prope design

of the electrical layout so that dc eltages are eitherdpt below 110 Vor higher wltages ae
properlyshielded, no serious rislshould result.

6.1 mc-S module

No serious health and safetyisks are expected for waeks inwlved in ne-Si module
production. Kposure to etchants BkHF, HNQ and HCI and exposure to silane or other
hydrides poses a mderate risk, which should be controllableithiin normal safetyprocedures.
External safetyrisks seemnsmall for me-Si module production, onlyhe storag of silane should
be performed with the proper safegrds (see underSi-below). Silane use is, hosver, nuch
smaller than for &i module production.

6.2 a-Si modules

Silane, the primary feedstockgas in aSi module production, is a hHidy flammable gas which
may ignite spontaneousliyn air. Because selignition does not alays occur, larg cas clouds
may build up which can cause a sene explosion. Proper controleasures are therefore
necessaryo preent these situations.

Moskowitz and Fthenails [13] revew various control neasures for storagand handlingf
hazardousgasses ira-Si module production facilities. élvever, no detailed rislanalysis are
known of installations where silane and the othedriges are handled in the aomts needed
for a 10-50 MWp PV production capacityTherefore, reliable statemts on the safetysks of
large-scale aSi production facilities cannot beade with the awailable data.

6.3 CdTe and CIS nmodules

First of all one should note thatdTe and QS contain onlylittle toxic material (see 5.2.3).
Moreower the toxicity of ingestedCdTe appears to be relatily low because of its low
solubility [35].

Obviously, the exposure to cadmm of workers in a module production plant should bepk as
low as possible. @rrent practices in such plants karowen to be rare than sufficient in this
respect [33], so there appears to be no reason for concern about occupational health risk
proper neasures hatbeen takn.

Recentstudies have furthermore shown tha there is nagligible risk of dangerous exposure 6
cadmum from a stockof CdTe modules duringa fire [33]. This should also rule out aeut
health risls due to fires in roofep PVinstallations.

Regrding seleniumthe exposure liits for airborne naterial are a factor 10 hingr than for
cadmium compounds so it should be relatly easyto keep occupational Se exposures at
acceptabldevels. Furthernore the toxicityof elenentaryseleniumappears to be oderate (up

to now toxicity data on @QInSe,itself are \ery limited [36]); therefore the am health riskfrom
CIS appears to be exposure to Sedich maey be forned at temeratures ab@/350°C.

A major risk factor of CB nodule production can be the use ofllggen selenide, which ay

be used as a feedstoclas in the @InSe deposition process.rAaccidental release of 25 k
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(=onetypical gas container) of fBe can lead to daegous exposure lels in an 40 nx 3000 m
area.Howe\er, there are alternaévCIS deposition rthods awilable which do not require the
use of HSe.

6.4 Conclusions

The only significant risks regrding occupational health and safetyd external safetare
found inthe staage ard handling of explodve ard/or toxic gassesi.c. silare in a-Si production
and HSe in certain €S deposition processes.

With propersafetymeasuresn placesilanerisks seento be well manageable, but still the issue
of silane storag at larg@-scale aSi module production facilities (>10 MWpryremains a point
of attention. Regarding CIS nodule production it is adsable to agid deposition rethods
involving the use of hgrogen selenide &g.
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7 Summary and Conclusions

The environmental aspects of four ajor solar cell technolags hae been reiewed wih

special attention for future expected technglate\elopments. Cell technolags inwesticated
are multicrystalline silicon (na-Si), anorphous silicon (&i), cadmum telluride (QGITe) and
CulnSe, (CIS). The following aspects wre considered: eneygequirenents and enesgpay

back time, material requirerents and resource depletion, @mwnmental enssions, wast
handling, possibilities for reagling of modules, occupational health and safatyd external
safety

Although the enerng payback time of the preserday mc-Si and aSi modules is relatigly
high, around 4 to 4.5ears for frareless nodules under Dtch irradiation conditions, this pay
back time is still considerablyshorter than the expected technical lifetiof the nodule (1530
years). Moreower, \very good prospects exist for reduction of energquirenents by future
technology dewelopments, resultingin energy payback times well below 1.5 years for all
module types (under Dtch irradiation conditions; belolvyear for dobal aerage irradiation).
It is remarkable that thin filmtechnolodges (aSi, CdTe, CIS) do not score sijficantly better
(in some cases ean worse) as wafer-based m-Si technoloy. This mainly caused bythe
superior efficiencyf mc-Si cells.

Note that framas and support structures can add substantialthe energ requirenents and
may doublethe energy pay-back time of the total PV system (compared to modules only.
Therefore serious attention is necesstoy designs of arraysupport structures ich hawe a
low enery requirenent.

Fromour analges of the mterial flows we conclude that for the imediate future (and ithin

the considered syem boundaries) there are no reasons for concerardiag the naterial

requirements and engssions of solar cell odules. @ly if large scale deplayent of modules -

with annualproduction leels of seweral GW5 - becongs probable there are sepoints which

need closer attention, naiy:

* resource depletion of siv (mc-Si modules);

* resource depletion of indiuf€IS nodules);

* waste management and recgling possibilities for decomissioned rmodules (ne-Si, CdTe,
CIS);

* cumulative fireinduced enssions fromCdTe and C5 nodules.

Although there is still a considerable rangf uncertaintyin our enission estimates the risk

from cadmium or seleniumuse in CdE respectiely CIS npdules seemacceptable in

conparison wvith some existingproducts or serges like NCad batteries or codired electricity

production.

Regarding occupational health and safeqpnd external safetyhe only significant risks are
found inthe stoage ard handling of explosve ard/or toxic gassesi.c. silare in a-Si production
and HSe in a certain €S deposition process.

With proper safety measures in place silane riskeemto be well managable, but use of
hydrogen selenide as should be aided.

Finaly, table 7.1 presents a qualitaticonparison of these cell pes on the aspectsenioned
abowe.

We can see that there is not one s&ncell type that scoresopd or excellent on all considered
aspects, althoudy future aSi technolog, seems to be the mst "enwronmentally friendly"
technology, with mc-Si as a @od second. & and Cd€ score less @l because of problem
related to the use of hegvmetals, sone of which are rather scarce oldever, these problem
shouldnotbe considered as aajor bottleneckfor the immediate future. Tierefore theyghould
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notbe usedasa reason for rulingut one or rare of the considered solar cell technidésgrom
further R&.D efforts.

Table7.1: Qualitative conparison of the ingstigated solar cell technolas. Present
respectiwely future indicates the assuatl technolog status \ith regard to nodule
produdion, enission control technolgg and recgling. Scores for present
technology are based on theonst case results described in poe¢ chapters,
while scoredor future technolog are based on both base case (70%) and best case
results (30%). Mte that effects of increasingroduction wlumes, leadingfor
example to increasingnissions, arenot considered beteen present and future

technology.
mc-Si aS CdTe CulnSe
present| futur | present| future | present| future | present| future
e

Energy Pay-Back | +/- ++ - ++ ++ 4+ + +H+
Resurce depletion| +/- + ++ ++ + + - -
Emissions + + ++ ++ - +/- +/- +
Health & Sifety’ + + +/- +/- + + +/- +-
Recyclability - +/- ++ ++ - - - -

Notes: 1)-=4-5y, +/-=3-4y, + =2-3y, ++ = 1-2 y, +++ = 0-1 y unde Dutch irradiation canditions;
2) Refers tooccupdiond health & sakty, ard to external sakty aspects, rot to public health aspects.

All in all we conclude fronour investigations that at least for the imediate future there are

no major bottleneck from emvronmental point of iew for the considered solar cell
technologes. However, duringmodule production substances are usditkvmay be harnful

for workers, the public or the emennment. Therefore nanufacturers should takproper
measures to aid harnful exposures or eissions.

Points which desere further attention both frormanufacturers and researchers are: the gnerg
requirements of modules (and mdule franes and supports), the use of hemetals, gs safeat
issues and odule recgling possibilities.
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Appendix: Energy production by the PV modules

Below we give the assumtions and the results for the enegroduction of the different pes
of PV modules under different irradiation conditionsh@& yearly electricity output is calculated
as the product of cell efficiengySystemPerfornance Ritio and irradiation. Multiplication vth
the nmodule lifetime gves production cer the lifetime; division of the garly electricity output
by the mean conersion efficiencyfrom primary to electrical energgives the garly savng of
primary enery (fuel energ).

Table A.1: Assumptionsfor calculation of energy produdion by PV modules.

worst base best
System Performance Rdio 0.75 0.80 0.85
Module lif etime (yr) 15 25 30
Efficiency of conversion from 0.39 0.42 0.45
primary erergyto electicity
Globd average irradiation 1700 1700 1700
(KWh/mé/yr)
Netherlandsirradiation (kKWh/m?/yr) 1000 1000 1000

Table A.2: Enegy produdion daa for multicrystallin e silicon modules

unit worst base best

cel efficiercy 13% 16% 18%

yearly dectr. prod. kWhJ/mélyr 166 218 260
globd
average electr. prod. owr lifetime KWhy/n? 2,490 5,450 6,540
iradiation yearly primary energy saving KWhy/m?/yr 425 518 578

yearly dectr. prod. kWhJmé/yr 98 128 153
Nethalands | eectr. prod. ower lifetime kwhy/nm? 1,470 3,200 4,590
irradiation

yearly primary energy saving KWhy/m?/yr 250 305 340

Table A.3: Enegy produdion déa for amor phous silicon modules.

unit worst base best

cel efficiercy 6% 10% 15%

yearly dectr. prod. kWhJ/mélyr 77 136 217
globd
average electr. prod. owr lifetime KWhy/n? 1,155 3,400 4,080
iradiation yearly primary energy saving KWhy/m?/yr 196 324 482

yearly dectr. prod. kWhJ/mé/yr 45 80 128
Nethalands | eectr. prod. ower lifetime kwhy/m? 675 2,000 3,840
irradiation

yearly primary energy saving KWhy/m?/yr 115 190 283




Table A.4: Enegy produdion ddafor CdTe and CIS modules.

unit worst base best

cel efficiercy 10% 15% 18%

yearly dectr. prod. kWh /mé/yr 128 204 260
globd
average electr. prod. owr lifetime KWhy/n? 1,920 5,100 6,120
iradiation yearly primary energy saving KWh,/m?lyr 327 486 578

yearly dectr. prod. kWh /mélyr 75 120 153
Netherlands | electr. prod. owr lifetime kwhy/n? 1,125 3,000 4,590
irradiation

yearly primary energy saving KWh,/m?lyr 192 286 340




